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Abstract
Bulk EuTiO3 [europium titanate], a quantum paraelectric antiferromagnet, is shown
to exhibit multiferroic behavior in strained thin film form, which highlights the
spin-phonon coupling in this system. We have investigated the structural, elastic,
magnetic, thermal and transport properties of single crystals of EuTiO3 as well as
doped system EuTi1−x Bx O3 (B = Zr, Nb) [Zr and Nb doped europium titanate]
utilizing various experimental techniques and theoretical calculations.
The cubic to tetragonal structural transition in pure EuTiO3 is characterized by
a pronounced step-like softening of the elastic moduli near 288 K [kelvin], which
resembles that of SrTiO3 [strontium titanate] and can be adequately modeled using
the Landau free energy model employing the same coupling between strain and
octahedral tilting order parameter as previously used to model SrTiO3 . Zr doping
pushes the antiferromagnetic transition to lower temperatures while maintaining the
insulating behavior. Intriguingly, Nb doping shifts the structural phase transition in
EuTiO3 to higher temperatures, accompanied by a weakening of octahedral tilting.
Furthermore, Nb doping destabilizes the antiferromagnetic ground state of the parent
compound and long range ferromagnetic order is observed in the samples containing
more than 5% Nb, which is most likely accounted for in terms of the ferromagnetic
interaction between localized Eu 4f spins mediated by itinerant electrons introduced
by Nb doping.
We have also investigated the magnetoelastic coupling effect in 5d Re-based
double perovskites Ba2 FeReO6 [barium two iron rhenium oxygen six] and Ca2 FeReO6
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[calcium two iron rhenium oxygen six]. A large softening in C44 [shear modulus] over
a wide temperature range is observed for Ba2 FeReO6 below its Curie temperature,
which is indicative of a structural distortion. For Ca2 FeReO6 , both the longitudinal
and shear modulus show a softening starting at 160 K. In addition, magnetoelastic
coupling constants have been estimated from elastic constants and magnetostriction
data, which provide direct evidence of pronounced coupling between magnetism and
the lattice degrees of freedom present in both compounds.
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Chapter 1
Introduction
Multiferroic materials that exhibit strong coupling between electrical, lattice, and
magnetic degrees of freedom have generated substantial interest in the past decades.
In particular, perovskite oxides (ABO3 ) consisting of corner sharing oxygen octahedra
provide an excellent platform to investigate the complicated interplay between these
freedoms, due to their simple crystal structure and the opportunity for incorporating
versatile chemical combinations on the A and B sites. Furthermore, the tilting of the
oxygen octahedra in cubic perovskites is known to induce structural phase transitions,
which are frequently associated with the emergence of intriguing physical phenomena.
In this dissertation, we explore the intricate interplay between magnetism, electrical
polarization and lattice in EuTiO3 based perovskites and 5d Re-based double
perovskites, in the spirit of searching for novel multiferroics that could be applied
to multifunctional spintronic devices.
Resonant ultrasound spectroscopy (RUS) is a technique developed by Migliori et
al. Migliori et al. (1993) for determining the complete elastic tensor of a small single
crystal by measuring its free-body resonances. It has been proven to be the most
sensitive probe to study structural phase transitions driven by soft phonon modes,
due to the coupling between strain and the soft modes order parameter. This is
effectively demonstrated in the study of SrTiO3 , which undergoes an extremely subtle
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cubic - to tetragonal distortion at TS ≈ 105 K, but exhibits a remarkable change
in the temperature dependence of the elastic constants near TS Bell & Rupprecht
(1963a). EuTiO3 is isostructural to SrTiO3 with the addition of a magnetic moment
on the Eu-site. Bulk EuTiO3 is a quantum paraelectric antiferromagnet with TN ≈
5.6 K, and exhibits a magnetoelectric coupling as revealed in a decrease of the
dielectric constant near TN Katsufuji & Takagi (2001). More intriguingly, in thin
film form with +1.1 % biaxial extension on a DyScO3 substrate, EuTiO3 is shown
to exhibit a simultaneous ferroelectric and ferromagnetic ordering Lee et al. (2010).
This observation highlights the delicate balance between para- and ferroelectricity and
between antiferro- and ferromagnetism, and signals the importance of spin - phonon
coupling in this system. All these fascinating results motivate us to study the possible
structural phase transition in EuTiO3 utilizing RUS, and to examine the intricate
balance between electrical and magnetic ordering via physical property measurement
system (PPMS) and magnetic property measurement system (MPMS). Note that
the properties of perovskites can be readily tuned by chemical substituting (chemical
pressure), and in this dissertation we substitute Ti with Zr and Nb. According to the
Shannon table Shannon (1976), the radii of Nb4+ (r = 0.68 Å) and Zr4+ (r = 0.72
Å) are both greater than that of Ti4+ (r = 0.605 Å), the difference between these
two doping elements lies in their valence states. While both Ti4+ and Zr4+ hold d0
configuration in the outer shell, Nb4+ has d1 configuration. Therefore, the proposed
investigation would allow one to compare the effect of chemical pressure and electron
doping on the structural phase transition and magnetic ground state of the parent
compound EuTiO3 . Here, laboratory and synchrotron X-ray diffraction and resonant
ultrasound spectroscopy (RUS) measurements at various temperatures are employed
as the tool to probe structural instabilities, and physical property measurements are
carried out as a function of temperature (2-300 K) and magnetic field (0-9 Tesla)
using PPMS and MPMS.
Re-based double perovskites A2 BB’O6 (B = 3d transition metal, B’ = Re)
have generated intense interest due to their high Curie temperature and high spin
2

polarization, making them attractive candidates for industrial applications, see review
article Serrate et al. (2007). Among them, Sr2 CrReO6 is shown to possess the highest
TC ≈ 635 K Kato et al. (2002b). From the fundamental research point of view,
the strong spin-orbit coupling and unevenly occupied t2g orbitals of 5d Re frequently
result in the emergence of simultaneous structural, orbital and magnetic ordering.
In this work, we synthesized polycrystalline samples of Ba2 FeReO6 and Ca2 FeReO6
via solid state reaction, plasma sintered the powder samples, and investigated
the magnetoelastic coupling effect in both compounds via elastic constants and
magnetostriction measurements.
This dissertation consists of 7 chapters.
background and our motivation, methods.

Chapter 1 briefly introduces the
Chapter 2 discusses the theoretical

background and physics that will be used in later chapters. Chapter 3 reviews
the main experimental techniques used in this dissertation.

Chapter 4 presents

the magnetic phase diagram of EuTi1−x Bx O3 (B=Zr and Nb), constructed through
results from XRD, dc magnetic susceptibility, heat capacity, and electrical resistivity
measurements. In Chapter 5, we present resonant ultrasound spectroscopy studies
on single crystals of EuTi1−x Bx O3 (B=Zr and Nb) and discuss the interplay
between magnetic and lattice degrees of freedom in this system. In Chapter 6, we
present investigation of the magnetoelastic coupling in double perovskites Ba2 FeReO6
and Ca2 FeReO6 probed by elastic constants and magnetostriction measurements.
Concluding remarks will be presented in Chapter 7.

3

Chapter 2
Theoretical background
In this chapter, we discuss concepts and physics that will be used in later chapters.

2.1

The geometric tolerance factor

Figure 2.1 shows the structure of an ideal ABX3 perovskite. A perovskite structure
is characterized by alternating corner sharing oxygen octahedra (BX6 ), whereby A
atoms occupy the twelve - coordinate corners of the cubic cells, B atoms are situated
in six - coordinate body centers and X atoms are situated in the face centers. However,
the structure of most perovskites compounds deviates from cubic symmetry as a result
of octahedral rotations. The well known Goldschmidt’s tolerance factor t allows for an
estimate of the magnitude of the octahedral rotation. It describes the size mismatch
between A and B ions:
rA + rX
t= √
2(rB + rX )

(2.1)

where rA , rB , and rX are the ionic radii of A, B and X, respectively. Empirically,
if 0.9 ≤ t ≤ 1, the structure is undistorted and remains cubic, and distortions occur
when t deviates from unity. These distortions manifest themselves as the tilting of

4

the octahedra to balance the bond length and therefore lower the free energy of the
system. There are mainly two situations:
1) if t > 1, the A ion is too big and the B ion is too small, which results in a
hexagonal structure, such as BaNiO3 .
2) if t < 0.9, the A ion is too small and the B ion is too big, which results in a
orthorhombic/rhombohedral structure, such as CaTiO3 and GdFeO3 .
Table 2.1 presents Goldschmidt’s tolerance factors for common perovskite oxides.
The ionic radii are taken from Shannon’s table Shannon (1976). It should be noted
that perovskites are not truly ionic compounds therefore the radii adopted may

Figure 2.1: Ideal cubic ABO3 perovskite structure with symmetry P m3̄m. A atoms
are marked as red and situated at (0 0 0), B atoms are green sitting at (1/2 1/2 1/2)
and O atoms are blue sitting at (1/2 1/2 0).

5

deviate from those reported in Shannon’s table. Given that t values depend heavily
on r, the t values shown here are only estimates.
Table 2.1: Tolerance factor and glazer notation for common perovskite oxides.

2.2

Composition

t

Space
Group

Tilt
System

SrTiO3
BaTiO3
CaTiO3
PbTiO3
NaTaO3

1
1.062
0.966
1.026
0.974

P m3̄m
P 4mm
P nma
P m3̄m
P nma

a0 a0 a0
a0 a0 c0
a+ b− b−
a0 a0 c0
a+ b− b−

Glazer’s notation of octahedral distortion

When the mismatch between A and B ions in a ABO3 perovskite causes oxygen
octahedra to tilt in some particular way, it causes the tilting of the neighboring
octahedra in the extended framework. Glazer developed a useful notation in 1972 to
describe octahedra tilting distortions in perovskites Glazer (1972), which considers
the tilting about any of the high symmetry axes. The Glazer’s notation for common
perovskties are also given in Table 2.1. In this classification scheme, three letters are
accompanied by a superscript of 0, + or - . The three letters correspond to the x, y,
and z axis of the perovskite structure and identical letters indicate the same amplitude
of tilt. The superscripts + and - indicate whether the tilting between adjacent layers
are in the same (in phase) or opposite (out of phase) directions. A superscript of
0 is used when a given structure does not display any tilting. For example, a+ b− b−
denotes tilting for P nma perovskites, which consists of in phase tilting about the x
axis and out of phase tilting about y and z axes. It also indicates that the tilts about
y and z axes have equal magnitude. Figure 2.2 presents a schematic diagram of the
building blocks that result from a− a− c+ and a− a− a− , respectively.
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Figure 2.2: Schematic diagram of the building blocks that result from a− a− c+ (left)
and a− a− a− (right), respectively. Diagram adapted after Rondinelli & Fennie (2012).

2.3

Magnetism

Magnetism is originated from unpaired electrons in the outer shell and their
interactions with each other. The magnetic moment of a free atom in the absence
of a magnetic field consists of two contributions: the orbital angular momentum and
the spin angular momentum. The solution of the Schrodinger equation leads to the
quantization of the orbital momentum of the electrons. Each electron is characterized
by four quantum numbers: n, l, ml , and ms . n and l are called the principle and
angular momentum quantum numbers, and ml and ms are called the magnetic and
spin quantum numbers. The magnetic susceptibility is defined as the ratio of M to
H:

χ=

M emu
(
)
H mol.Oe

(2.2)

where M is the magnetization and H is the magnetic field applied. The susceptibility
indicates how responsive a material is to an applied magnetic field.
As shown in Figure 2.3, magnetic materials can be classified into several groups
(para-, antiferro-, ferro- and ferrimagnet) according to how the local atomic moments
interact with each other.

The individual atomic moments of a paramagnet are
7

Figure 2.3: Ordering of the magnetic dipoles in magnetic materials, after Spaldin
(2003).
randomly aligned thus the total moments sum to zero.

Conversely, the latter

three magnetic materials are characterized by ordered spin moments. Ferromagnetic
materials are characterized by the long-range ordering of parallel moments, which
exist even in the absence of a magnetic field. However this spontaneous magnetization
is observed to vanish above TC , which is called the Curie temperature. Figure 2.4
shows a typical hysteresis loop of a ferromagnet. An antiferromagnet is characterized
by the long-range ordering of antiparallel moments with zero net moment. Lastly,
ferrimagnets possess two or multiple antiferromagnetically coupled sublattices with
unequal moments. Those sublattices are usually occupied by different elements.
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Figure 2.4: Hysteresis loop of a typical ferromagnet.

2.3.1

Curie-Weiss Law

The Curie-Weiss Law describes the magnetic susceptibility χ of a ferri/ferromagnet
or antiferromagnet in the paramagnetic region:

χ=

C
T − Tc

(2.3)

where T is the absolute temperature in Kelvin, and C is the Curie constant. A general
approach to obtain µef f and the Curie-Weiss temperature θCW is to fit 1/χ vs. T in
the paramagnetic region to a linear function.

2.3.2

Exchange Interaction

The exchange interaction is a quantum mechanical effect between identical particles.
The Heisenberg Hamiltonian for a single pair of spins:

H = −2JS1 · S2
J > 0 indicates a ferromagnetic interaction, favoring ↑ ↑ alignment.
J < 0 indicates an antiferromagnetic interaction, favoring ↑ ↓ alignment.
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(2.4)

Here, the interaction represented by equation 2.4 does not require an intermediatory and is called a direct exchange interaction.

Besides this direct

exchange mechanisms, there also exists some interactions that take place even
when there is no direct overlap of the electronic wave functions on magnetic ions.
These include superexchange interaction, double exchange interaction, RudermanKittel-Kasuya-Yosida (RKKY) interaction, and anisotropic exchange interaction like
the Dzyaloshinskii- Moriya interaction for noncentrosymmetric materials.

This

dissertation is concerned with the first three kinds, which will be reviewed briefly
in the following paragraph.
Superexchange
Superexchange is an indirect interaction between two magnetic cations, via an
intervening anion, often O2− (2p6 ). It is a short range interaction, which could result
in both FM and AFM ordering.

Figure 2.5: Superexchange configuration between two Mn cations, via Oxygen
anion.

Double Exchange
Double exchange refers to a type of magnetic interaction between ions in different
oxidation states, as shown in Figure 2.6. It can lead to spin canting if existing in an
antiferromagnetically ordered lattice.
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Figure 2.6: Double exchange configuration.
RKKY interaction
RKKY interaction refers to the magnetic exchange interaction between localized d
or f moments mediated by itinerant electrons. The theory to describe exchange
interaction is based on Bloch wavefunctions:

H(Rij ) =

Ii ·Ij |∆km km |2 m∗
[2km Rij cos(2km Rij ) − sin(2km Rij )]
4 2
4 (2π)3 Rij
~

(2.5)

where H is the Hamiltonian, Rij is the distance between the nuclei i and j, Ii
is the nuclear spin of atom i, ∆km km is a term that represents the strength of the
hyperfine interaction, m∗ is the effective mass of the electrons in the crystal, and km
is the wave vector of the conduction electrons. RKKY usually leads to long range
magnetic ordering, that can be ferromgnetic or antiferomagnetic in nature.

2.3.3

Spin-orbit coupling

Spin-orbit coupling occurs when the magnetic moment from the electron’s spin
interacts with the magnetic field from its orbital motion. Because the magnitude
of spin-orbit coupling is proportional to Z4 , it exists mainly in heavy 4d and 5d
elements like Ir, Re, and Os, etc. Spin-orbit coupling results in the emergence of
interesting physical phenomena like magneto-elastic coupling, and has been the heart
of fundamental research for years.
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2.4

Crystal Field Splitting in Perovskites

Crystal Field Theory (CFT) describes the breaking of degeneracies of electron orbital
states, usually d or f orbitals. This effect arises from a static electric field produced
by a surrounding charge distribution (anion neighbors). The most common complexes
are octahedral and tetragonal. In perovskite oxides, the transition metal cations are
in octahedral environments. Figure 2.7(a) shows the shape and orientations of the
d orbitals. By convention, the dxy , dyz and dxz orbitals in a octahedral complex are
called the t2g orbitals, while dx2 −y2 and dz2 are called eg orbitals. The lobes of the
three t2g orbitals lie between the O2− ions, while the lobes of the two eg orbitals
point towards the O2− ions. In a free d ion, all the five orbitals have the same energy
therefore degenerate. Interestingly, eg and t2g orbitals are influenced differently when
the ligands (O2− ) are brought closer to the orbitals when octahedral tilting is present.
As a consequence, the orbital degeneracies are partly removed, as shown in Figure
2.7(b). The three t2g orbitals have lower energy than the eg orbitals.
(a)

(b)
eg

Δ

Degenerate d states

t2g

Figure 2.7: (a) Shape of d orbitals, (b) The splitting of eg and t2g orbitals.
The well-known Jahn-Teller effect or Jahn-Teller distortion refers to the geometric
distortion of molecules and ions in an octahedral complex to remove orbital
degeneracy. This electronic effect is named after Hermann Arthur Jahn and Edward
12

Teller, who proved, using group theory, that orbital nonlinear spatially degenerate
molecules cannot be stable Jahn & Teller (1937). This effect is most pronounced
when the eg orbitals are unevenly occupied. Figure 2.8 shows the expected strength
of the Jahn-Teller effect for ions with different electron configurations in a octahedral
complex.

Figure 2.8: The expected strength of Jahn-Teller effect for octahedral coordination.
Here w means weak (t2g orbitals unevenly occupied), s means strong (eg orbitals
unevenly occupied) and blank means no JT effect.

2.5

Landau Free Energy Model

Landau model is a general approach to study phase transitions. In the vicinity of a
second order phase transition, the order parameter increases continuously from zero
starting at the critical temperature. The free energy can be written as a Taylor
expansion in terms of the order parameter Q

f (T ) = f0 (T ) + αQ2 +

β 4
Q + ...
2

(2.6)

Here, Q is the order parameter, α and β are parameters, and f0 (T ) describes the
temperature dependence of the high temperature phase near the phase transition. At
∂f
the critical temperature, the free energy is minimized ( ∂Q
= 0), yielding:

2αQ + 2βQ3 = 0 ⇒ Q = 0orQ2 = −
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α
β

(2.7)

The transition occurs when α changes sign, therefore we assume the temperature
dependence of α as
α(T ) = α0 (T − TC ), α0 > 0

(2.8)

It is assumed that β > 0, so that the free energy has a minimum for finite values
of the order parameter. When α > 0, there is only one minimum at Q = 0 (the high
temperature phase). When α < 0, there are two minima with Q 6= 0, as shown in
Figure 2.8.

Q

Figure 2.9: Energy vs. Q for different α values.
Landau theory is frequently used in the study of second order structural phase
transitions, whereby the free energy f is written as

f = f (e) + f (Q) + f (Q, e)

(2.9)

where f (e) is the elastic energy, f (Q) is the energy resulted from the order
parameter change in the vicinity of the transition and f (Q, e) is the additional part
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arising from the coupling between strain and order parameter. We will discuss the
application of Landau theory to the study of SPT in detail in Chapter 5.
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Chapter 3
Experimental Methods
3.1
3.1.1

Sample Synthesis
Polycrystalline Samples

Polycrystalline samples are prepared via a standard solid state reaction method.
Stoichiometric mixtures of high-purity (at least 99.99 %) starting materials from
Alfa Aesar are mixed and ground in an agate mortar and then pressed into pellets.
For the EuTi1−x Bx O3 (B = Zr and Nb) system, the pressed pellets are sintered in
a MTI tube furnace (Model: GSL1500X) with a flowing 90:10 Ar:H2 atmosphere at
1300 ∼ 1400 ◦ C with intermediate grindings. For A2 FeReO6 (A = Ba and Ca), the
starting materials are mixed and ground in a glove box, and the pellets are calcined
in an evacuated sealed quartz tube in a box furnace at 900 ◦ C for 3 hours and 1100
◦

C for another 3 hours.

3.1.2

Single Crystal Growth

High quality single crystals without grain boundaries and impurities are essential
in order to obtain reliable results from physical property measurements. In this
dissertation, single crystals of EuTi1−x Zrx O3 (x = 0, 0.005, 0.015, 0.03) and
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EuTi1−x Nbx O3 (x = 0, 0.05, 0.1 and 0.2) have been grown by the floating zone
technique (FZT) in an IR-heated image furnace (NEC) equipped with two 1500
W lamps and double ellipsoidal mirrors.

The present system is congruent and

the experimental growth procedures for different compositions are similar. Here we
describe the details of melting these compounds. Single phase polycrystalline powders
are first prepared via a solid state reaction method, as described in the polycrystalline
sample preparation section. Then the powders are inserted into a balloon and pressed
into rods utilizing a hydrostatic press. The rods (feed and seed) are finally sintered at
1400 ◦ C in 90:10 Ar:H2 atmosphere to achieve high density. Note that the rods should
be as straight/uniform as possible in order to improve the melting process later. As
shown in Figure 3.1 (a), the feed rod is suspended using a copper wire and the seed
rod is positioned in a ceramic holder on the lower shaft. During the growth, the feed
and seed rods are pulled down together with a speed of 10mm/h while rotating in
opposite directions at 25 rpm, and the crystals are grown at the solidifying end of the
molten zone. Figure 3.1(b) shows the interface of the software we use to control the
growth parameters (lamp voltage, lowering rate, rotating rate, etc). Also shown in
Figure 3.1(b) is the necking of the molten zone during the crystal growth process. A
typical crystal obtained using the floating zone technique is shown in Figure 3.1(c).
The greatest advantage of this technique is that it is contaminate free since no
crucible is involved in the growth. Moreover, it allows for crystal growth in different
gas atmosphere and under pressure. This technique usually yields bigger crystals
than other crystal growth techniques like chemical vapor transport or flux growth.

3.2

X-ray Powder and Laue Diffraction

Powder X-ray diffraction (XRD) patterns were recorded with a HUBER Imaging Plate
Guinier Camera 670 with Ge monochromatized CuKα1 radiation (λ = 1.54059Å).
Rietveld refinements were obtained using FullProf Rodrguez-Carvajal (1993), which
allows for a determination of the crystal structure and lattice parameters. To better
17

（b）

（c）

（a）

Figure 3.1: (a) image furnace with feed and seed rods aligned; (b) computer program
used to control the growth parameters, also shown is the necking of the melting zone;
(c) single crystal EuTiO3

Figure 3.2: The Laue pattern of a EuTiO3 single crystal aligned along c axis

18

resolve the tetragonal distortion at low temperatures, synchrotron powder XRD
was performed at the 11-BM beamline of the Advanced Photon Source at Argonne
National Laboratory. Single crystals of EuTi1−x Nbx O3 (x = 0, 0.05, 0.1 and 0.2) were
ground to fine powders and loaded in a capillary tube with a diameter of 0.8 mm. The
experiments were carried out with a fixed wavelength (E = 30 keV , λ = 0.41396(1)Å)
at T = 295 K and 100 K.
X-ray Laue diffraction is used to confirm crystal quality and align the crystals
along certain crystallographic direction. Figure 3.2 shows a Laue back scattering
pattern of a EuTiO3 single crystal oriented along the c axis. The clear and round
spots indicate high crystal quality. OrientExpress is used to align the crystal through
fitting the recorded pattern to a simulated pattern.

3.3

Thermogravimetric Analysis (TGA)

A thermogravimetric analyzer (TGA) was used to determine the oxygen content of the
samples. Single crystals were ground to fine powders, and heated up to 1000 ◦ C with
air gas flowing across the furnace. The oxygen content is determined from the weight
gain during the oxidation process from EuTiO3+δ to Eu2 Ti2 O7 . Figure 3.3 shows a
typical curve of weight (percentage) gain with time. The mass drops slightly in the
beginning due to moisture evaporation. Then it increases with time/temperature and
saturates when it is fully oxidized to Eu2 Ti2 O7 . Note that the resultant powder was
checked using XRD to be pure Eu2 Ti2 O7 . For each composition, we repeated the
experiment multiple times to get a reliable result.

3.4

Magnetization

The dc magnetization experiments are carried out in a Quantum Design Magnetic
Property Measurement System (MPMS 3). The MPMS 3 enables measurements in
the temperature interval of 1.8 K ≤ T ≤ 400 K and under a magnetic field up to 7
19

Figure 3.3: Typical TGA measurement demonstrating weight gain vs. time
Tesla. The M vs. T measurements are performed while warming up after both zero
- field - cooling (ZFC) and field - cooling (FC) conditions.
The MPMS 3 is a liquid helium free EverCool system with SQUID sensitivity. It
allows an initial cooling down of the system from helium gas within 30 hours. It also
possesses multiple options including AC susceptibility measurements, VSM with oven
up to 1000 K, etc.

3.5

Electrical Resistivity

Electrical resistivity is an intrinsic property that quantifies how strongly a given
material opposes the flow of electric current. It is not only the direct quantity to
classify metal, semiconductor and insulators, it is also one of the most sensitive
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approach to probe phase transitions in a material driven by temperature or magnetic
field.
Electrical resistivity measurements are carried out in a Quantum Design Physical
Properties Measurements System (PPMS) in the temperature interval 2 K≤ T ≤300
K in magnetic fields up to 9 Tesla utilizing the four-wire method. Figure 3.4 shows
the common set up for a four-wire resistivity measurement. Four gold wires are used
to attach a rectangular sample to a sample puck via silver epoxy (leads 1-4). Current
is passed via leads 1 and 4, while leads 2 and 3 are used to measure the potential
difference. Using Ohm’s law and the relation between the measured resistance R and
the material’s resistivity ρ:

R=ρ

L
A

(3.1)

with L the length of the sample and A the cross section area, the accurate resistivity
of a sample can be calculated. Typical sample size for a four-wire experiment is 0.5
mm × 0.5 mm × 3 mm3 . The advantage of this method is that the voltage leads draw
very little current, which allows for an accurate measurement of both the current and
voltage drop across the sample.

3.6

Heat Capacity

Heat capacity measurements are also carried out in a Quantum Design PPMS. C(T ) =
δQ
δT

measures the heat energy transferred to an object and the resulting increase in the

temperature of the object. Molar heat capacity has a unit of Cmol =

J
.
mol.K

In theory,

heat capacity can be measured at constant volume CV or constant pressure CP . Our
measurements are performed under a constant pressure condition. Theoretical, there
are two models predicting the temperature dependence of heat capacity.
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Figure 3.4:
measurements.

3.6.1

Diagram of the four probe method for electrical resistivity

Debye Model

In the Debye approximation the velocity of sound is taken as constant for each mode,
and the dispersion relation is written as

ω = vK

(3.2)

where v is the sound velocity, and the density of states is given by
D(ω) = V ω 2 /2π 2 v 3

(3.3)

Here only acoustic phonon modes are considered. Assume there are N primitive
cells, and the phonon velocity is independent of the polarization, the total thermal
energy is given by
3V ~
U= 2 3
2π v

Z

ωD

dω
0

3V kB 4 T 4
=
2π 2 v 3 ~3
−1

ω3
~ω

eτ
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Z

xD

dx
0

x3
ex − 1

(3.4)

where ωD is the cutoff frequency and

x ≡ ~ω/τ ≡ ~ω/kB T
xD ≡ ~ωD /kB T ≡ θ/T
The debye temperature θ may also be expressed as
θ=

~v 6π 2 N 1/3
(
)
kB V

(3.5)

The heat capacity is the derivative of total thermal energy U to temperature, it
is given as
3V ~2
CV = 2 3
2π v kB T 2

Z
0

ωD

ω 4 e~ω/τ
T
dω ~ω/τ
= 9N kB ( )3
2
(e
− 1)
θ

Z

xD

dx
0

x4 ex
(ex − 1)2

(3.6)

Debye T3 Law
At very low temperatures (T  θ),
12π 4
T
T
CV ∼
N k B ( )3 ∼
=
= 234N kB ( )3
5
θ
θ
In real systems, this law is only valid at very low temperatures (T <

3.6.2

(3.7)
θ
).
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Einstein Model

Consider N oscillators of the same frequency ω0 and in one dimension. The thermal
energy is given
U ≡ N hni ~ω =

N ~ω
−1

e~ω/τ

(3.8)

The heat capacity is given
CV = (

~ω
e~ω/τ
∂U
)V = N kB ( )2 ~ω/τ
∂T
τ (e
− 1)2
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(3.9)

Figure 3.5 shows a comparison of the temperature dependence of the heat capacity
predicted by the Debye and Einstein models.

Figure 3.5: Debye vs. Einstein predicted heat capacity as a function of temperature,
after Kittle (2005).

3.7

Magnetostriction

Magnetostriction is a property of ferromagnetic materials that causes the material
to change dimensions during magnetization. The capacitance dilatometer determines
the length change from the measurements of the capacitance, which is one of the most
sensitive method for measuring small length changes of solids. Not all capacitance
dilatometers are created equally. Figure 3.6(a) shows a picture of our capacitance
dilatometer cell and (b) shows the schematic drawing of the capacitance dilatometer
cell. We chose the capacitive method with tilted plates designed by Rotter et al.,
whereby the sample is placed in a hole in the lower capacitance plate Rotter et al.
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(1998). This design reduces the cell volume, which effectively increases the thermal
stability. A detailed description of the design can be found in Rotter et al. (1998).

（a）

（b）

Figure 3.6: (a) The capacitance dilatometer cell inside the custom multifunction
probe that can be inserted into the PPMS or Versalab. (b) Schematic drawing of the
capacitance dilatometer, after Rotter et al. (1998).

3.8
3.8.1

Resonant Ultrasound Spectroscopy (RUS)
Principle

RUS is a technique developed by Migliori et al. Migliori et al. (1993) for determining
the complete elastic tensor of a small single crystal by measuring its free-body
resonances. It allows determination of the full elastic tensor without needing to
change transducers or remounting the sample. RUS involves two procedures - direct
and inverse. The direct procedure computes the resonance frequencies from the elastic
moduli, whereas the inverse procedure calculates the elastic moduli from resonance
frequencies. Below, we show the computations involved in the fitting procedure.
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Lagrangian minimization
For an object with a free surface S surrounding a volume V, the general form of the
Lagrangian is as follows,
Z
(KE − P E)dV

L=

(3.10)

V

where KE and PE are the kinetic energy density and potential energy density,
respectively. They can be written as
i

1X 2 2
KE =
ρω ui
2

(3.11)

Here, ui is the ith component of the displacement vector, ω is the angular
frequency from harmonic time dependence, cijkl is a component of the elastic tensor,
and ρ is the density.
Under the equilibrium conditions,

∂L
∂u

= 0. We let u vary arbitrarily in V and on

S (ui → ui + δui ) and calculate the variation in L(δL). The gives
Z
L + δL =

[
V

X
1X 2
∂(ui + δui ) ∂uk
cijkl
ρω (ui + δui )2 −
]
2 i
∂x
∂x
j
l
i,j,k,l

(3.12)

Keeping terms to first order in δui , we find
Z X
X
∂(δui ) ∂uk
]dV
ρω 2 ui δui −
cijkl
δL = [
∂x
j ∂xl
V
i
i,j,k,l

(3.13)

which, after an integration by parts, yields

Z X
Z XX
X
∂ 2 uk
∂uk
2
δL = ( [ρω ui +
cijkl
]δui )dV − ( [
n~j cijkl
]δui )dS (3.14)
∂x
∂x
∂x
j
l
l
V
S
i
i j,k,l
j,k,l
Because δui is arbitrary in V and on S, the values of ui that correspond to
stationary points of L (i.e., δL = 0) must satisfy the condition that the terms in
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square brackets in Equation 3.14 are zero. The first term yields the elastic wave
equation:
X

ρω 2 ui +

cijkl

j,k,l

∂ 2 uk
=0
∂xj ∂xl

(3.15)

The second terms yields is an expression of free-surface boundary conditions:
X
j,k,l

n~j cijkl

∂uk X
=
n~j σij = 0
∂xl
j

(3.16)

where σij is the ij th component of the stress tensor. The set of ui that satisfies
the above conditions are precisely those displacements that correspond to ω being a
normal mode frequency of the system. Using the Rayleigh-Ritz method, we expand
the displacement vector ui in a complete set of basis functions, substituting that
expression into Equation 3.10 and finding the stationary points of the Lagrangian
which then yields an eigenvalue problem that can be readily solved, namely
~ a = Γ~a
ω 2 E~

(3.17)

Equation 3.17 determines the resonance frequencies from the elastic moduli.
Migliori and co-workers have coded the so-called inverse problem to extract elastic
tensor from resonance frequencies. It should be noted that good initial guesses of
elastic moduli are of essential importance to obtain a good fit.
The advantages of RUS can be summarized as follows:
1. It works for very small crystals with symmetry as low as Orthorhombic.
2. It is nondestructive, the samples could be reused for other measurements.
3. All components of the elastic tensor can be determined simultaneously to very
high accuracy, without needing to change transducers or remounting the sample.
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Figure 3.7: Home - built RUS probe which can be inserted in a PPMS.

Figure 3.8: A typical resonance spectrum measured by RUS, after Luan et al. (2009)
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3.8.2

Data collection and analysis

Figure 3.7 shows our home-built RUS probe which can be inserted in a Quantum
Design PPMS or Versalab to determine elastic moduli as a function of temperature
(2 - 380 K) and magnetic field (0 - 9 T). Crystals with cubic symmetry are aligned and
cut into parallelepipeds with all faces perpendicular to the crystallographic h100i axes
for RUS measurements. The sample is placed between two piezoelectric transducers,
as shown in Figure 3.7 as well as the inset of Figure 3.8. A frequency generator creates
an electromagnetic wave that is sent to the top transducer, which then converts the
signal into a mechanical wave. The mechanical wave travels through the sample
and the bottom transducer detects the mechanical signal and converts it back to
an electrical signal. Thus, the mechanical resonances of a freely vibrating sample
of known shape are measured, and a nonlinear optimization procedure is used to
fit the full elastic tensor of the material Migliori et al. (1993). Figure 3.8 shows a
typical resonance spectrum in the frequency range between 1420 kHz and 1520 kHz.
These resonances are sharp as the mechanical dissipation is low (Q = f /∆f  1,
where f is the resonance frequency and ∆f is the full width at half maximum).
When Q is large, the dissipation is low, the resonance peak is sharp and the elastic
moduli are well determined. Conversely, when Q is small, high ultrasonic absorption
inhibits observance of enough resonance peaks, preventing determination of the full
tensor. Nevertheless, the absolute values of different elastic constants scale with f 2
(Cij ∼ f 2 ), which usually allows for determination of elastic moduli in a broader
temperature range.
Table 3.1 shows the RUS fit for a EuTiO3 single crystal at 300 K. The complete
elastic tensor (C11 , C12 and C44 ) is extracted by fitting 25 resonance modes. The
last three columns indicate the dependence of each line on C11 , C12 and C44
respectively. For example, the first resonance is 98 % C44 dependent, which allows
for a determination of C44 through tracking the first resonance. Note that the rms
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Table 3.1: Measured and fitted resonance frequencies of a EuTiO3 single crystal
at 300 K. The last three columns describe the fractional dependence of each mode
frequency on each elastic modulus.
Modes

f measured f fitted

%error

C11

C12

C44

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

1.163936
1.459111
1.477347
1.540103
1.743892
1.773843
1.789575
1.900502
1.921073
1.960585
1.971882
2.016699
2.08261
2.095701
2.168329
2.235109
2.245284
2.286457
2.317239
2.436999
2.502829
2.527385
2.534996
2.558189
2.671467

-0.39
-0.14
0.14
-0.34
0.41
0.22
-0.05
0.05
0.12
-0.09
-0.18
0.35
0.05
0.08
-0.08
0.47
0.01
-0.47
-0.2
-0.29
0.06
-0.29
-0.08
0.36
0.27

0.02
1.16
1.15
0.06
0.12
1.49
0.14
1.28
0.54
1.5
0.94
0.3
0.95
1.52
0.93
0.89
1
0.16
1.18
1.28
1.25
0.97
1.02
0.12
0.49

-0.01
-0.34
-0.33
-0.02
-0.03
-0.49
-0.04
-0.42
-0.17
-0.5
-0.19
-0.05
-0.2
-0.52
-0.25
-0.15
-0.27
-0.05
-0.23
-0.29
-0.41
-0.29
-0.31
-0.01
-0.16

0.98
0.18
0.19
0.96
0.91
0
0.9
0.14
0.63
0.01
0.25
0.75
0.25
0
0.32
0.26
0.27
0.9
0.05
0.01
0.16
0.31
0.29
0.89
0.67

rms fit error
C11
C12
C44
bulk mudulus

0.25%
309.4 Gpa
105.8 Gpa
116.9 Gpa
173.6 Gpa

1.159448
1.457061
1.479414
1.534839
1.751069
1.77777
1.788613
1.901476
1.923345
1.958905
1.968283
2.023857
2.083562
2.097296
2.16662
2.245543
2.245606
2.275601
2.312527
2.429924
2.504385
2.520129
2.532897
2.567394
2.678652

fit error is 0.25 %, this is determined by a nonlinear least-squares minimizing the
function defined by the sum of the weighted residuals
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F =

N
X

wi (fi − gi )2

(3.18)

i=1

where gi and fi are the vectors of the measured and calculated frequencies, and
wi is a weighting factor. Empirically, fitting errors below 0.6 % give trust-able elastic
moduli values.

3.8.3

Applications to the study of structural phase transitions (SPT)

RUS can be applied to the fields of physics, materials science and earth science as
the most sensitive probe for detecting structural, magnetic, and superconducting
phase transitions Rehwald (1973).

Here, we focus our discussion on structural

phase transitions. The elastic behavior of a material without any thermodynamic
“anomalies” can be modeled using the so-called Varshni function Varshni (1970)
Cij (T ) = Cij0 −

s
−1

et/T

(3.19)

which predicts a gradual stiffening with decreasing temperature that levels off at low
temperatures, as shown in Figure 3.9.
The behavior of elastic moduli upon phase transitions deviate from the Varshni
function due to the coupling between strain (e) and order parameter (Q). There exist
mainly three categories of couplings, and the corresponding elastic moduli behavior
is shown in Figure 3.10.
1. Case (a) Coupling linear in the order parameter but quadratic in the strain
Fc = δQe2 and a continuous transition. The elastic modulus is expected to
soften to zero at TC and rise up sharply afterwards.
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Figure 3.9: Typical elastic behavior of a system with no thermodynamic
irregularities, after .
2. Case (b) Coupling linear in the strain and quadratic in the order parameter,
Fc = γQ2 e and a continuous transition. A step-like softening is expected upon
the transition.
3. Case (c) Strain and order parameter are coupled linearly, Fc = βQe and a
continuous transition. The elastic modulus is expected to remain flat and rise
up when T approaches TC .
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Figure 3.10: General behaviour of the elestic modulus Cij at a continuous phase
transition. The cases a, b and c are discussed in the text, after Rehwald (1973)
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Chapter 4
Magnetic Phase Diagram of
EuTi1−xBxO3 (B = Zr, Nb)
In this chapter, we report the X-ray diffraction, dc magnetic susceptibility, heat
capacity, and electrical resistivity data collected on polycrystalline EuTi1−x Bx O3 (B
= Zr, Nb). A similar version of this chapter is published as L. Li, H. D. Zhou, J.-Q.
Yan, D. Mandrus and V. Keppens, APL MATERIALS 2, 110701 (2014).

4.1

Introduction

As mentioned in Chapter 1, divalent europium perovskite EuTiO3 (ETO) has
attracted considerable attention due to its large magnetoelectric effect, which
manifests itself in a significant decrease of the dielectric constant at the G-type
antiferromagnetic ordering temperature of 5.6 K Katsufuji & Takagi (2001). This
coupling between spin and charge ordering indicates that ETO is a promising
multiferroic material which could be widely used in the field of spintronics. The
pioneering work on strained ETO thin films further confirms the multiferroic potential
of this compound near room temperature and reveal an intricate balance between
antiferromagnetic (AFM) and ferromagnetic (FM) interactions Lee et al. (2010). As
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the dielectric, transport and magnetic properties of perovskite titanates ATiO3 are
easily tuned by perturbations like strain, pressure, or chemical doping, the possibility
of strain induced ferromagnetism or ferroelectricity in bulk ETO can be explored
through a study of chemical doping effects on the electrical and magnetic properties
of this compound. The solid-solution systems EuTiO3 - EuZrO3 (EuTi1−x Zrx O3 )
and EuTiO3 - EuNbO3 (EuTi1−x Nbx O3 ) are particularly interesting as they allow
evaluation of the effects of chemical pressure and charge carriers on the magnetic and
transport properties of ETO. EuZrO3 crystallizes in an orthorhombic structure and
is an insulator with a G-type AFM ground state below a TN ≈ 4.1 K Viallet et al.
(2008); Zong et al. (2010). It also presents a magnetoelectric effect which resembles
that of ETO Kolodiazhnyi et al. (2010). In contrast, EuNbO3 is a FM metal with
a TC ≈ 4 K and P m3̄m cubic crystal structure at all temperatures Zubkov et al.
(1995a). Studies of EuTi1−x Zrx O3 are limited to x = 0.05 Akahoshi et al. (2013)
and there are only two studies on EuTi1−x Nbx O3 , reporting a significant increase
in electrical conductivity in Nb-doped bulk samples Ishikawa et al. (1983) and the
observation of ferromagnetism in Nb-doped thin films Kususe et al. (2014). In this
chapter, results from magnetization, powder X-ray diffraction (XRD), heat capacity,
and resistivity measurements on EuTi1−x Bx O3 (B = Zr, Nb) are reported. The data,
collected on polycrystalline samples, allow us to address the influence of the crystal
and electronic structures on the antiferromagnetic ordering in the parent compound.

4.2

Experimental details

Polycrystalline EuTi1−x Zrx O3 (x = 0, 0.015, 0.03, 0.05, 0.1, 0.15, 1) and EuTi1−x Nbx O3
(x = 0, 0.015, 0.03, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5) samples were prepared as described in
section 3.1.1. The powder samples were cold pressed Zhou et al. (2003) into dense
pellets and subjected to further characterization. Powder X-ray diffraction patterns
were recorded with a HUBER Imaging Plate Guinier Camera 670 with Ge monochromatized CuKα1 radiation (λ = 1.54059Å). Rietveld refinements were obtained using
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FullProf Rodrguez-Carvajal (1993). The dc magnetic susceptibility measurements
were carried out using a Quantum Design Magnetic Property Measurement System
(MPMS) SQUID VSM in the temperature interval 2 K-300 K after cooling in
either zero field (ZFC) or in a measuring field (FC) of 50 Oe. Hysteresis loops
of magnetization M versus applied field H were obtained at 2 K over the range 5
T to 5 T. The specific heat measurements were performed in a Quantum Design
Physical Property Measurement System (PPMS) between 2.5 K and 300 K. Electrical
resistivity measurements were performed on dense cold-pressed samples by means of
a four-probe method in a PPMS between 3 K and 300 K. Gold wires and silver epoxy
were used to make contacts.

4.3

Results

XRD measurements at room temperature confirm that all samples are single
phase and the diffraction patterns for EuTi1−x Zrx O3 (x = 0, 0.015, 0.03, 0.05) and
EuTi1−x N bx O3 (x between 0 and 0.5) were successfully refined using the cubic
P m3̄m space group. EuTi1−x Zrx O3 samples with higher doping concentrations show
deviations from cubic symmetry. Figure 4.1 shows that the lattice parameter of the
cubic systems follows Vegards law and increases linearly with increasing doping x,
indicating a good solid solution.
Figure 4.2 shows the temperature dependence of the magnetic susceptibility χ =
M/H for EuTi1−x Zrx O3 over the temperature range 2 K ≤ T ≤ 20 K. There is no
noticeable distinction between ZFC and FC data, and all of the samples exhibit an
AFM transition below TN which manifests itself as a sharp cusp. As shown in the
inset of Figure 4.2(a), the M vs. H curves at 2 K for EuTi1−x Zrx O3 (x = 0, 0.05, 0.1)
exhibit a linear increase with increasing H and saturate at H values of about 1.5 T
with a moment of approximately 7.5 µB /Eu2+ . It is clear from χ vs. T (Figure 4.2(a))
that Zr doping decreases TN to lower temperatures, which is also observed in specific
heat measurements (Figure 4.2(b)). Distinct λ anomalies corresponding to the AFM
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transitions are observed in the temperature dependence of molar heat capacity. The
Neel temperature TN is marked with an arrow in Figure 4.2(b).
Figure 4.3(a) shows the temperature dependence of M/H for EuTi1−x N bx O3
between 2 K and 30 K. The undoped EuTiO3 and lightly doped (x ≤ 0.05) samples
show a cusp at TN . However, the M/H vs. T curves show a strong increase when
x exceeds 0.05 which denotes the onset of a magnetic transition from paramagnetic
to ferromagnetic. A fit of M/H vs. T data measured at 1000 Oe to the CurieWeiss law χ(T ) = C/(T − θ) in the range 100-300 K yields an effective moment
ranging from 7.92 to 8.88 µB , which is close to the calculated effective moment

Figure 4.1: Variation of the lattice parameters with doping concentration x for
EuTi1−x Bx O3 (B = Nb, Zr).
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Figure 4.2: Temperature dependence of (a) ZFC susceptibility under 50 Oe and (b)
molar heat capacity for EuTi1−x Zrx O3 (0 ≤ x ≤ 1). The inset of (a) shows the M vs.
H curves at 2 K.
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of free Eu2+ (7.93 µB ). The inset of Figure 4.3(a) shows the field dependence of
magnetization at 2 K in the range 0 T - 5 T for EuTiO3 and EuTi0.8 Nb0.2 O3 . No
apparent hysteresis loop is observed for FM EuTi0.8 Nb0.2 O3 . This behavior is not
unusual for Eu ferromagnets as they are typically soft ferromagnets with very small
coercive fields Sales et al. (2001). Nb-doped EuTiO3 has a slightly higher saturation
moment than the parent compound. In Figure 4.3(b), we plot the molar heat capacity
vs. temperature for EuTi1−x Nbx O3 . The λ anomalies are associated with a transition
to antiferromagnetism for x ≤ 0.05 samples and ferromagnetism for x ≥ 0.2 samples.
For 0.1 ≤ x ≤ 0.16, two transitions are present below 10 K, which manifest themselves
in both susceptibility and heat capacity measurements. This phenomenon is possibly
associated with either a chemical inhomogeneity or the coexistence of two magnetic
phases.
Figure 4.4 shows the temperature dependence of the electrical resistivity for
EuTi1−x Nbx O3 (x = 0.015, 0.2, and 0.4) and EuTi0.97 Zr0.03 O3 . Pure EuTiO3 is
reported to be a band insulator. The inset of Figure 4.4 shows that EuTi0.97 Zr0.03 O3
is still highly insulating while the resistivity of EuTi0.985 Nb0.015 O3 is significantly
reduced. Increased Nb doping results in metallic behavior, as shown in Figure 4.4 for
x = 0.2 and 0.4 samples. The cusps at low temperatures are associated with the FM
transitions.
The valence of the Nb-dopant can in principle be either 4+ or 5+. As the
EuTi1−x Nbx O3 samples were synthesized in a reducing atmosphere, using NbO2 as a
starting material, it is most likely that the valence remains 4+. This is supported by
the observation that the Curie temperature for EuTi1−x Nbx O3 is similar to the Curie
temperature for EuTiO3 doped with an equal percentage of La on the A-site Katsufuji
& Tokura (1999), suggesting that the carrier concentration is the same. While we
cannot completely rule out the possibility of 5+ valence, it is worth pointing out that
with either a 4+ or a 5+ valence each Nb will donate one itinerant electron to the
system. As the ionic radii of Nb4+ and Zr4+ are both larger than that of Ti4+ , both
dopants apply a negative chemical pressure to the system. The difference between
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Figure 4.3: Temperature dependence of (a) ZFC susceptibility under 50 Oe and
(b) molar heat capacity for EuTi1−x Nbx O3 (0 ≤ x ≤ 1). The inset of (a) shows the
M vs.H curves at 2 K.
40

Nb doping and Zr doping is that Nb4+ has one unpaired electron in its 4d shell while
Zr4+ does not have any d electrons. Ti4+ has an empty 3d shell. A study of Zr- and
Nb-doped ETO therefore allows us to compare the effects of pure chemical pressure
and an extra d electron on the Ti site on the magnetic properties of this system.
In view of the delicate balance between AFM and FM ground states in the band
insulator ETO Akamatsu et al. (2011), it is extremely intriguing to look into the
effects of electronic and crystal structures on the magnetic ground state of ETO.
In Figure 4.5, we present the low-temperature magnetic phase diagram of
EuTi1−x Bx O3 (B = Zr, Nb). All of the EuTi1−x Zrx O3 compounds exhibit AFM

Figure 4.4: Resistivity vs. T for EuTi1−x Nbx O3 (x = 0.015, 0.2, and 0.4) and
EuTi0.97 Zr0.03 O3 .
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ground states with TN decreasing nonlinearly with increasing Zr doping x from 5.6 K
(EuTiO3 ) to 4.1 K (EuZrO3 ). It has been suggested from first principle calculations
that the strength of AFM interaction in EuMO3 (M = Ti, Zr, Hf) is closely related
to both crystal and electronic structures Akamatsu et al. (2013). Substitution of Ti
by Zr increases the band gap between Eu 4f and M nd states, which weakens the Eu
4f superexchange interactions via the M nd states Akamatsu et al. (2013), evidenced
by a decrease in the Neel temperature.

Figure 4.5: The magnetic phase diagram of EuTi1−x Zrx O3 and EuTi1−x Nbx O3
as determined from magnetic susceptibility measurements. TC is defined as the
maximum point in the plot of dM vs. T. It should be noted that for Nb doping
concentration x between 0.1 and 0.16, mixed AFM and FM phases coexist.
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4.4

Discussion

Guguchia et al. Guguchia et al. (2013) have investigated the physical pressure effect
on the magnetic properties of a polycrystalline ETO sample and found that pressure
raises TN to higher temperatures and no ferromagnetism was achieved. The robust
antiferromagnetism in EuTi1−x Zrx O3 further rules out the possibility of pure chemical
pressure as the factor to induce ferromagnetism. On the other hand, ferromagnetism
has been observed in oxygen deficient EuTiO3 thin films Kugimiya et al. (2007), Nbdoped ETO thin films Kususe et al. (2014), and strained ETO thin films Lee et al.
(2010). In addition, lanthanum-doped ETO is converted to FM Katsufuji & Tokura
(1999); Yoshii et al. (2003). The electrical resistivity in the La-doped compounds is
significantly reduced suggesting itinerant electrons, and the induced ferromagnetism
was explained in terms of a RudermanKittelKasuyaYosida (RKKY)- type magnetic
interaction between the localized Eu moments via itinerant 3d electrons Katsufuji
& Tokura (1999); Yoshii et al. (2003). Substituting Nb4+ (4d1 ) for Ti4+ (3d0 ) is an
alternative way to introduce an electron into a B site, allowing us to explore the
effect of doping on multiferroicity. Previous work Ishikawa et al. (1983) along with
our resistivity data indicates that Nb doping increases the electrical conductivity
dramatically, suggesting that Nb doping pushes the system towards the itinerant limit.
Our magnetization measurements on EuTi1−x Nbx O3 have indicated that FM behavior
starts to set in when x exceeds 0.05 and exclusively takes over the magnetic ground
state when x ≥ 0.2. Furthermore, our isothermal magnetization measurements at 2
K show that these ferromagnets require a very small field (≈ 0.5 T) to saturate the
magnetization, possibly due to the lack of spin-orbit coupling (L = 0 for Eu+2 ). As
seen in Figure 4.5, the Curie temperature TC reaches a maximum of 9.4 K at x ≈ 0.1
and decreases with further doping, which is very similar to Eu1−x Rx TiO3 (R = La
and Gd) Katsufuji & Tokura (1999).
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4.5

Conclusion

In this chapter, we report the magnetic and transport properties of EuTi1−x Bx O3 (B
= Zr, Nb). The magnetic phase diagram was constructed by measuring magnetization
and heat capacity. Zr doping reduces the f − d hybridization, and, as a consequence,
all of the EuTi1−x Zrx O3 compounds exhibit AFM ordering below TN , where TN
decreases nonlinearly from 5.6 K (EuTiO3 ) to 4.1 K (EuZrO3 ) with increasing Zr
doping x. Whereas a similar decrease in TN is observed for small amounts of Nb
doping (x 6 0.05), ferromagnetism is induced in EuTi1−x Nbx O3 with x ≥ 0.05.
The Curie temperature TC reaches a maximum of 9.4 K at x ≈ 0.1 and decreases
with further Nb doping. While Zr-doped compounds remain insulating, Nb-doped
ones become metallic. We propose that the FM interaction between localized Eu
f spins mediated by itinerant electrons results in the induced ferromagnetism in
EuTi1−x Nbx O3 . Our study highlights the importance of Eu 4f -B nd-Eu 4f interaction
in determining the magnetic ground state of EuTiO3 .
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Chapter 5
Structural and Magnetic Phase
Transitions in EuTi1−xNbxO3
In this chapter, we investigate the structural and magnetic phase transitions in
EuTi1−x Nbx O3 (0 ≤ x ≤ 0.3) with synchrotron powder X-ray diffraction (XRD),
resonant ultrasound spectroscopy (RUS), and magnetization measurements. Upon
Nb-doping, the P m3̄m ↔ I4/mcm structural transition shifts to higher temperatures
and the room temperature lattice parameter increases while the magnitude of the
octahedral tilting decreases. In addition, Nb substitution for Ti destabilizes the
antiferromagnetic ground state of the parent compound and long range ferromagnetic
order is observed in the samples with x ≥ 0.1. The structural transition in pure and
doped compounds is marked by a step-like softening of the elastic moduli in a narrow
temperature interval near TS , which resembles that of SrTiO3 and can be adequately
modeled using the Landau free energy model employing the same coupling between
strain and octahedral tilting order parameter as previously used to model SrTiO3 .
Most of the content in this chapter is published in L. Li, J. R.Morris, M. Koehler,
Z.L.D, H. D. Zhou, J.-Q. Yan, D. Mandrus and V. Keppens, accepted, Phys. Rev. B
(2015).”
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5.1

Introduction

The tilting of the oxygen octahedra in cubic perovskites is known to induce structural
phase transitions, which are often associated with the emergence of intriguing physical
phenomena Imada et al. (1998). SrTiO3 (STO) is one of the most extensively studied
perovskite oxides for its structural phase transition (SPT) at TS ≈ 105 K Fleury et al.
(1968); Shirane & Yamada (1969). This SPT has been recognized as the paradigm of a
displacive transition, nevertheless, proven to carry some order/disorder element Bruce
et al. (1979); Bussmann-Holder et al. (2007). In the past decade, the discovery of the
magnetoelectric coupling in iso-structural EuTiO3 (ETO) has generated substantial
interest in this compound Katsufuji & Takagi (2001). This coupling manifests itself
in a significant decrease of the dielectric constant at the G-type antiferromagnetic
ordering temperature TN ≈ 5.6 K Katsufuji & Takagi (2001). In analogy to STO,
ETO also undergoes an antiferrodistortive SPT from P m3̄m to I4/mcm (a0 a0 c− in
Glazer notation) driven by R-point phonon softening Ellis et al. (2012). While the
SPT at 105 K in STO has been extensively studied for decades, the transition in ETO
was observed only recently Bussmann-Holder et al. (2011) but has since attracted
much attention in the field and has been the focus of numerous experimental Taylor
et al. (2012); Allieta et al. (2012); Goian et al. (2012); Guguchia et al. (2012); Ellis
et al. (2012); Kim et al. (2013); Ellis et al. (2014); Bessas et al. (2013) and theoretical
Rushchanskii et al. (2012); Yang et al. (2012); Birol & Fennie (2013) studies.
Previous synchrotron powder X-ray diffraction (XRD) indicates a TS ≈ 235 K for
ETO Allieta et al. (2012), which is significantly lower than TA ≈ 282 K suggested
by heat capacity measurement Bussmann-Holder et al. (2011). This discrepancy
draws attention to the possible local tetragonal distortions present above 235 K, as
evidenced by pair distribution function analysis Allieta et al. (2012). Kim et al. Kim
et al. (2013) identified incommensurate satellite peaks below 285 K in single crystal
synchrotron XRD, and proposed a dynamically modulated equilibrium state between
285 K and 160 K, incorporating antiferrodistortive instabilities of TiO6 octahedra
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accompanied by antiferroelectric displacements of Ti atoms. Conversely, a simple
and un-modulated structure is claimed for ETO, as evidenced by the commensurate
superlattice peaks at T = 250 K in single crystal XRD Ellis et al. (2014), and the
R-point acoustic phonon softening that is similar to the soft modes in STO Ellis
et al. (2012). ETO samples synthesized under different conditions were studied Goian
et al. (2012). While one of the ceramic samples shows a simple cubic-to-tetragonal
long range transformation near 300 K, the other ceramic samples as well as the single
crystal present an incommensurate structure at low temperature. These discrepancies
were considered to arise from variations in sample preparation conditions, which lead
to mixed valence on the Eu-site and/or oxygen non-stoichiometry and therefore could
potentially alter the physical properties. This was further confirmed by Kennedy
et al. Kennedy et al. (2014), who show that the electrical resistivity of EuTiO3−δ is
significantly reduced with oxygen vacancies due to the change of Ti4+ to Ti3+ when
oxygen vacancies and/or trivalent Eu are present. Very recently, the elastic response
near 1 MHz of an irregularly shaped ETO single crystal was examined using resonant
ultrasound spectroscopy (RUS) Spalek et al. (2014). A pronounced step-like shear
softening near TS ≈ 284 K confirms that the SPT in STO and ETO is very similar
in nature but takes place at very different temperatures.
Despite the recent studies of the nature and TS of the SPT in ETO, the dramatic
difference in TS between STO and ETO is not well understood (the Goldschmidt
tolerance factor t predicts a similar TS for these two compounds) and may signal the
importance of the spin-phonon coupling in ETO Lee et al. (2010). First-principles
calculations suggested that the hybridization between Eu-f and Ti-d orbitals enhances
the tilting of the octahedra and therefore TS Birol & Fennie (2013). To examine how
the TS of the ETO system is influenced by the hybridization between Eu-f , (Ti, Nb)-d,
and O-p orbitals, we have initiated the study of EuTi1−x Nbx O3 . Nb doping introduces
itinerant electrons into this system, which mediate the magnetic interactions between
Eu 4f spins and result in ferromagnetism Li et al. (2014). In the present paper, we
extend the RUS study by Spalek et al. Spalek et al. (2014) and report the full elastic
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tensor of single crystals of ETO as well as mixed crystals of EuTi1−x Nbx O3 . The
dramatic change in the elastic constants allows for an accurate determination of TS ,
and the potential impact of the orbital hybridization on TS can be addressed. The
amplitude of octahedral rotations at 100 K is determined from synchrotron X-ray
powder diffraction data, and the role of Nb doping on the structural and magnetic
instabilities will be discussed.

5.2

Methods

EuTi1−x Nbx O3 polycrystals (0 ≤ x ≤ 0.3) along with single crystals (x = 0, 0.05,
0.1 and 0.2), and EuTi1−x Zrx O3 single crystals (x = 0, 0.005, and 0.015) have been
synthesized using floating zone technique as described in Chapter 3. Good crystal
quality was confirmed by clear, round spots in the Laue back scattering pattern,
and the single crystals were oriented with P m3̄m symmetry and cut to rectangular
parallelepipeds with all faces perpendicular to the crystallographic h100i axes for RUS
measurement. The edge dimensions of the EuTi1−x Bx O3 (B = Nb, Zr) crystals for
RUS measurements range between 0.5 mm and 2.5 mm. Since the Eu3+ impurities
may influence the TS Goian et al. (2012); Sagarna et al. (2014); Zhandun et al. (2015),
our ETO crystal was carefully characterized before performing RUS measurements.
Room and low temperature X-ray diffraction (XRD) was first performed with a
laboratory HUBER Imaging Plate Guinier Camera 670 with Ge monochromatized
CuKα1 radiation (λ = 1.54059Å), confirming all samples to be single phase. To
better resolve the tetragonal distortion, synchrotron powder XRD was performed
through a mail-in program at the 11-BM beamline of the Advanced Photon Source
at Argonne National Laboratory. Single crystals of EuTi1−x Nbx O3 (x = 0, 0.05, 0.1
and 0.2) were ground to fine powders and loaded in a capillary tube with a diameter
of 0.8 mm. The experiments were carried out with a fixed wavelength (E = 30 keV ,
λ = 0.41396(1)Å) at T = 295 K and 100 K. Rietveld refinements were obtained using
the program GSAS Toby (2001). The magnetization measurements were performed
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using a Quantum Design Magnetic Property Measurement System in the temperature
interval 2 K to 300 K after cooling in either zero field (ZFC) or in a measuring field
(FC) as described in Chapter 3. Thermogravimetric analysis (TGA) was employed
to determine the oxygen content of ETO from the weight gain due to oxidation of
Eu2+ to Eu3+ . The ETO crystals were found to be oxygen stoichiometric within
experimental error.

5.3
5.3.1

Results
X-ray diffraction

Figure 5.1(a) and (b) show the Rietveld refinements from synchrotron XRD for the
parent ETO at 295 K and 100 K, respectively. While the pattern at 295 K was
refined with the P m3̄m space group with lattice parameter a = 3.9047(3) Å, the
pattern at 100 K was refined using I4/mcm symmetry, yielding lattice parameters
√
aT etra =
2aCub = 5.51168(3)Å and cT etra = 2cCub = 7.81613(5)Å, in good
agreement with previously reported values Allieta et al. (2012). Furthermore, the
295 K synchrotron XRD patterns of all samples show no well-defined peak splitting
and could be adequately fitted with a cubic P m3̄m model, whereas the 100 K
patterns show well-resolved peak splitting and were fitted with a tetragonal I4/mcm
model. The room temperature lattice parameter extracted from Rietveld refinements
obeys Vegard’s law, and increases linearly with increasing x in EuTi1−x Nbx O3 . The
symmetry lowering at 100 K was evidenced by the (200) peak splitting highlighted in
the insets to Figure 5.1.
As shown in Figure 5.2, no readily apparent peak splitting due to the structural
transition was observed at room temperature. However, we noticed significant peak
broadening with increasing Nb content. This is demonstrated more clearly in Figure
5.3 in which we plotted the peak width of the (200) reflection at 295 K and splitting
amplitude of (200) at 100 K obtained by a Lorentzian fit. Nb doping induces disorder

49

Figure 5.1: Rietveld refinements of the synchrotron X-ray powder patterns of
EuTiO3 collected at (a)295 K and (b)100 K respectively. The insets show the (111)
and (200) reflections.
in the lattice, which can naturally explain the peak broadening. However, we believe
that the peak splitting due to the structural transition also contributes to the peak
broadening at 295 K since the SPT takes place above room temperature as revealed
by RUS measurements. Intriguingly, the splitting amplitude at 100 K, which is
proportional to the magnitude of the lattice distortion c/a ratio, is suppressed with
increasing Nb doping, suggesting that Nb doping weakens the octahedral tilting in
the ETO system.
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Figure 5.2: (200) peak splitting at 100 K for EuTi1−x Nbx O3 (x = 0, 0.05, 0.1 and
0.2).

Figure 5.3: The (200) peak width at 295 K and splitting amplitude at 100 K for
EuTi1−x Nbx O3 .
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5.3.2

Magnetization

Figure 5.4 shows the temperature dependence of magnetization for EuTi1−x Nbx O3
single crystals, plotted as (a) M/H under 50 Oe, and (b) H/M under 1000 Oe. The
ZFC and FC curves of the parent ETO overlap, and reveal a TN ≈ 5.7 K. The data
under 1000 Oe between 200 K and 300 K could be well fitted by the Curie-Weiss
law, yielding a positive Weiss temperature of 3.48(1) K and an effective moment
of approximately 8.35(1) µB , which agree well with literature values Katsufuji &
Takagi (2001). A dramatic divergence between ZFC and FC curves is present for x
= 0.05 sample, which may signal a spin glass behavior arising from the competition
between AFM and FM interactions present in this system. The magnetic ground
state of samples with x ≥ 0.1 is switched from AFM to FM, as previously reported
for polycrystalline samples Li et al. (2014). It is noteworthy that Nb doping induces
metallic behavior Li et al. (2014). The induced ferromagnetism most likely results
from the ferromagnetic interaction between localized Eu 4f spins, mediated by
itinerant electrons introduced by chemical doping Katsufuji & Tokura (1999); Li
et al. (2014).
Table 5.1: Effective moment and Weiss temperature for EuTi1−x Nbx O3 single
crystals derived from Curie - Weiss fits.
x

0

0.05

0.1

0.2

µef f (µB ) 8.36 7.86 8.02 7.96
θ (K)
3.48 5.91 5.14 15.29

5.3.3

Elastic moduli

Cubic systems exhibit three independent elastic constants C11 , C12 and C44 . Note that
C11 and C44 govern respectively longitudinal and transverse waves propagating along
[100]. In the [110] direction, longitudinal waves are governed by CL[110] = 12 (C11 +
C12 + 2C44 ), while one transverse wave is governed by C44 , the other by CT [110] =
1
(C11
2

− C12 ) = C 0 . In Fig. 5 we plot the temperature dependence of C44 . Below TS ,
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Figure 5.4: Temperature dependence of dc susceptibility for single crystals of
EuTi1−x Nbx O3 (x= 0, 0.05, 0.1, 0.2) in an applied field of 50 Oe. The full and
empty symbols denote ZFC and FC data, respectively.
the ultrasonic absorption of the sample is so large that not enough resonances can
be observed to allow an accurate determination of all three elastic moduli. However,
the high temperature fit indicates that the lowest resonant frequency depends almost
exclusively on C44 . This frequency is visible throughout the entire transition and
below, allowing determination of the shear modulus over the entire temperature range.
The striking feature in Fig. 5 is the step-like elastic softening of C44 at TS ≈ 288 K,
which is reminiscent of the 105 K elastic anomaly observed in the elastic moduli of
STO Bell & Rupprecht (1963a). The softening at TS is accompanied by a dramatic rise
in the internal friction Q−1 as a consequence of domain wall motion driven by elastic
waves, which causes a significant broadening and deterioration of the resonances,
preventing determination of the full tensor, as discussed above.
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Table 5.2: TS , density, and elastic moduli for single crystals of STO, ETO and
ETO-Nb.
Sample

TS
(K)

Density
(g/cm3 )

STO(295 K)
ETO(295 K)
ETO(370 K)
ETO-5%Nb(370 K)
ETO-10%Nb(370 K)

105
288
288
322
353

5.015
6.744
6.744
6.809
6.758

C0
(GPa)

error%

311.58 120.83 107.2
307.24 116.3 100.06
3.0976 1.1695 102.57
3.1607 1.1256 104.365
3.0629 1.0923 100.315

0.3507
0.2323
0.2833
0.1467
0.3138

C11
(GPa)

C44
(GPa)

Figure 5.6 presents the temperature dependence of C11 , C44 and C 0 for single
crystals of EuTi1−x Nbx O3 (x = 0, 0.05 and 0.1) both in the absence of field and
under applied magnetic fields up to 9 Tesla. The following features are noteworthy:
1) The substitution of Nb4+ for Ti4+ (up to x = 0.1) does not change the
qualitative behavior of the elastic response near the SPT, and the step-like elastic
softening as the temperature approaches TS remains the most striking feature.
2) The transition temperature TS is shifted to higher temperatures with increasing
Nb doping, TS = 288 K, 322 K and 353 K for x = 0, 0.05 and 0.1 respectively.
3) The elastic response of pure ETO does not show an observable magnetic field
dependence in fields as high as 9 Tesla. However, if the 0 Tesla data is subtracted
from the 9 Tesla data, we observe that the difference is temperature dependent with
a maximum at T ≈ 292 K, implying that the structural transition is field-dependent,
as suggested earlier by the thermal expansion measurements of Reuvekamp et al.
Reuvekamp et al. (2014).
4) The elastic response of EuTi0.95 Nb0.05 O3 does not show an observable magnetic
field dependence in fields up to 3 Tesla.
Table 5.2 shows the TS , density ρ, and the values of the elastic moduli for various
samples. The data for single crystal of STO is obtained from the present RUS study.
It can be clearly seen that the absolute values of the moduli for STO and ETO are
very close.
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Figure 5.5: Temperature dependence of the shear modulus C44 and the inverse of
the quality factor Q, which is defined as the center frequency of the resonance divided
by full width at half maximum, of an oriented ETO single crystal. Note that below
the structural phase transition temperature, C44 is determined directly from the first
resonance peak (the red circle).
Figure 5.7 shows the temperature dependence of C44 for polycrystalline samples
of EuTi1−x Nbx O3 (x = 0, 0.03, 0.05, 0.1, 0.2 and 0.3). Because the porosity of the
ceramic sample changes the density, and therefore the absolute value of the elastic
moduli, we are only interested in the qualitative behavior, and to improve clarity the
curves are offset along the y axis. The structural phase transition in EuTi1−x Nbx O3 is
marked by a step-like softening, which is significantly smeared out due to the presence
of grains in polycrystalline samples. However, the trend that is clearly observed from
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Figure 5.6: Temperature dependence of elastic constants for single crystal
EuTi1−x Nbx O3 (x=0, 0.05, and 0.1) in different magnetic fields. Measurements were
performed during cooling.
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Fig. 7 is that TS increases with increasing Nb concentration and goes beyond our
experimental range of 380 K when x reaches 0.2.

Figure 5.7: Temperature dependence of the shear modulus C44 for polycrystalline
EuTi1−x Nbx O3 (x=0, 0.03, 0.05, 0.1, 0.2, and 0.3). Data are shifted for clarity.
Measurements were performed during cooling.
To compare the effect of Nb doping and Zr doping on the SPT of ETO, we have
also performed RUS measurements on single crystals of EuTi1−x Zrx O3 (x = 0, 0.005,
and 0.015). Figure 5.8 presents the variation of shear modulus C44 with temperature
for EuTi1−x Zrx O3 (x=0, 0.005, and 0.015) single crystals. It can be clearly seen
that all the three compositions present elastic softening with decreasing temperature,
implying lattice instabilities. Nevertheless, the sharp step-like feature is actually
absent for Zr-doped ETO crystals and the softening is significantly broadened.
Intriguingly, the softening for x = 0.005 sample actually starts at a lower temperature
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Figure 5.8: Temperature dependence of shear modulus C44 for single crystal
EuTi1−x Zrx O3 (x=0, 0.005, and 0.015). Measurements were performed during
cooling.
of approx. 250 K compared to TS ≈ 288 K for ETO. With increasing Zr concentration,
the softening takes place at a higher temperature of approx. 320 K (x = 0.015).

5.4
5.4.1

Discussion
Landau theory

As mentioned before, the elastic behavior of a material without any thermodynamic
”anomalies” can be modeled using the so-called Varshni function Varshni (1970)
Cij (T ) = Cij0 −
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s
−1

et/T

(5.1)

which predicts a gradual stiffening with decreasing temperature that levels off at low
temperatures. The elastic behavior of pure ETO obviously deviates from Varshnibehavior.
Landau theory is known to provide a proper framework for a formal analysis of
phase transitions Rehwald (1973), whereby the free energy can be expressed in terms
of strain ei and order parameter components Qi . Slonczewski et al. Slonczewski &
Thomas (1970) performed a Landau analysis of the elastic behavior of SrTiO3 in
the 1970s, and here we present calculations using the Landau model for the EuTiO3
system, adapting some of the notations used in Slonczewski & Thomas (1970). Note
that inelastic X-ray scattering has indentified zone boundary R-point q=(0.5 0.5 0.5)
acoustic phonon softening at this SPT Ellis et al. (2012). Thus the amplitudes of the
degenerate zone boundary soft acoustic modes Q1 , Q2 , Q3 can be naturally employed
as the order parameter. Considering the crystal symmetry, the free energy F should
include an antiferrodistortive energy F (Q1 , Q2 , Q3 ), the elastic energy F (e), and a
contribution from coupling between the order parameter and strain F (Q, e):

F (Q1 , Q2 , Q3 ) = A1 (Q21 + Q22 + Q23 ) + A2 (Q21 + Q22 + Q23 )2
+ A3 (Q21 Q22 + Q22 Q23 + Q23 Q21 ) (5.2)

1 c 2
1 c 2
c
(e1 + e22 + e23 ) + C12
(e1 e2 + e2 e3 + e3 e1 ) + C44
(e4 + e25 + e26 )
F (e) = C11
2
2
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(5.3)

F (Q, e) = −B1 (e1 Q21 + e2 Q22 + e3 Q23 )
− B2 (e1 (Q22 + Q23 ) + e2 (Q21 + Q23 ) + e3 (Q21 + Q22 ))
− Bt (e4 Q2 Q3 + e5 Q3 Q1 + e6 Q1 Q2 ) (5.4)
c
c
c
Here C11
, C12
and C44
are elastic moduli in the cubic phase, A1 , A2 , A3 are Landau

expansion coefficients, and B1 , B2 , Bt are coupling constants.
Assuming that the volume strain does not couple to the order parameter, this
gives
Be ≡ −B2 = +B1
Under the equilibrium conditions

ei =

dF
dQ

(5.5)

= 0, dF
= 0 this gives
de

Be (3Q2i − Q2 )
Bt Q2 Q3
(i = 1, 2, 3; Q2 = Q21 + Q22 + Q23 ), e4 =
, etc
c
c
c
C11 − C44
C44

(5.6)

The elastic constants are the second derivatives of the free energy F with respect
to strain and may be calculated using the Slonczewski-Thomas formalism Slonczewski
& Thomas (1970)

Cij = Cijc − M −1

X ∂ 2F
∂ 2F
ωk −2
∂ei ∂Qk
∂Qk ∂ej
k

(5.7)

Substituting (2) → (6) into (7) and assuming Q = (0, 0, Qs ), we obtain the elastic
moduli in the tetragonal phase:
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c
C11 = C11
−D
c
C44 = C44
−E
c
−D
C12 = C12
c
C33 = C11
− 4D
c
+ 2D
C13 = C12
c
C66 = C44

where D = (4Be2 Q2s )/(M ω3 2 ), and E = (Bt2 Q2s )/(M ω2 2 ). M is the mass density of the
oxygen atoms participating in each optical vibration mode, and ωi (i=1,2,3) are the
natural frequencies of these vibration modes. Thus, as the cubic to tetragonal SPT
is approached, a step-like softening is expected in the elastic moduli C11 , C12 , C44 ,
C33 , step-like stiffening is expected for C13 , and C66 is expected to follow the trend of
the cubic shear modulus C44 . The step-like softening is clearly observed for C44 (Fig.
5), and even though the large absorption below TS prevents us from determining the
full elastic tensor below the transition, the precipitous drop in C11 and C 0 strongly
suggests that these moduli undergo a similar step-like softening. While our Landau
analysis predicts such behavior for the longitudinal modulus C11 , C 0 = 12 (C11 − C12 )
is expected to smoothly continue through the SPT. This is clearly not observed.
Interestingly, the same discrepancy is found in STO Bell & Rupprecht (1963b), and
remains unexplained.

5.4.2

Precursor effect

In every aspect, the elastic response of ETO through the SPT appears to be very
similar to that of STO, which is not surprising in light of the resemblance between
their phonon behaviors Shirane & Yamada (1969); Ellis et al. (2012). The SPT
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in both STO and ETO is driven by a condensation of zone-boundary phonon
modes, which is indicative of the displacive nature of both SPTs. From a lattice
dynamics point of view, precursor effects have been observed in STO by birefringence
measurements Roleder et al. (2012), where fluctuating ferroelastic clusters form above
TS . Nevertheless, the TA-TO mode coupling which exists in STO and explains
its precursor effects, is actually absent in ETO Bettis et al. (2011).

The large

neutron absorption inherent to Eu and the difficulty in growing large ETO crystals
significantly hamper inelastic neutron experiments and further information regarding
the phonon behavior has not yet been obtained. However, our observation of a gentle
rounding rather than a sharp step in Cij indicates that the precursor effect takes place
in ETO starting about 20 K above TS , where local elastic nanoregions develop. This is
consistent with the pair distribution analysis Allieta et al. (2012) that showed that the
dynamic fluctuations occur above TS , i.e. tetragonal twinning segments form along
three crystallographic orientations. This unexpected precursor effect in ETO has
been analyzed by normalizing the transverse modes and taking the derivatives of the
modes with respect to momentum, yielding the softening of the transverse acoustic
mode as a function of temperature Bussmann-Holder et al. (2015). The coupling
between the TA mode and the elastic constants gives rise to the elastic softening as
the SPT is approached. Furthermore, the presence of the precursor effect suggests
that the transition is not purely of the displacive type, but includes elements of an
order/disorder transition.

5.4.3

Doping Effects

Figure 5.9 presents the EuTi1−x Nbx O3 phase diagram with the structural and
magnetic transition temperatures as a function of Nb content (TN for x = 0.015,
0.03 and TC for x ≥ 0.3 samples are taken from Ref. Li et al. (2014)). The magnetic
ground state changes from AFM to FM when x ≥ 0.1. While TN gradually decreases
from 5.7 K (x = 0) to 4.5 K (x = 0.05), TC increases slightly from 8.2 K (x = 0.1) to a
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Figure 5.9: The temperature of the structural and magnetic phase transition vs.
Nb content x in EuTi1−x Nbx O3 .
maximum of 9.3 K (x = 0.2), and decreases with further Nb doping. Structurally, Nb
doping enhances TC from 288 K (x = 0) to 353 K (x = 0.1). Nevertheless, the lattice
distortion at 100 K is weakened with increasing Nb content. The well established
tolerance factor t concept predicts the symmetry of ABO3 perovskites structure, with
t=

√ rA +rO ,
2(rB +rO )

and rA , rB , and rO are the ionic radii of each ion. The radius of Nb4+

(r = 0.68 Å) is greater than that of Ti4+ (r = 0.605 Å) Shannon (1976), which means
that substituting Nb for Ti reduces the tolerance factor and promotes the oxygen
rotating instabilities. This is in favor of the cubic to tetragonal transformation
occurring at higher temperatures with increasing Nb doing, as confirmed by RUS
results. Nevertheless, this tolerance factor model, exclusively based on ion sizes,
becomes problematic in an attempt to explain the difference in TS between STO and
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ETO. Neither does it explain the weaker octahedral distortion in EuTi1−x Nbx O3 with
increasing Nb concentration. It has been suggested that the high TS of ETO compared
to STO is associated with the hybridization between Eu f states and Ti d orbitals,
which is also believed to be the origin of the giant spin-lattice coupling present in ETO
Akamatsu et al. (2013). Previous studies have shown that Nb doping enhances TS of
STO to higher temperatures due to the local changes in the hybridization between the
(Ti, Nb)-d orbitals and O-2p orbitals Buerle & Rehwald (1978). Another important
factor is the covalency of the transition metal-oxygen bond Garcia-Fernandez et al.
(2010); Cammarata & Rondinelli (2014). Ab initio calculations have shown that the
octahedral tilting angle in KMF3 (M = transition metal) decreases linearly with the
electron occupancy of the π-bonding t2g orbitals of the transition metal. In the present
system, Ti4+ has a 3d0 configuration. In contrast, Nb4+ possesses one electron in the
t2g orbitals, which most likely alters the covalency of the (Ti,Nb)-O bond and results
in a weaker lattice distortion at low temperatures. It is noteworthy that EuNbO3 is
reported to remain cubic at room temperature, and octahedral tilting does not occur
Zubkov et al. (1995b).

5.5

Summary

In this chapter, we have investigated the structural and magnetic transitions in
both polycrystalline and single crystal samples of EuTi1−x Nbx O3 (0 ≤ x ≤ 0.3)
using synchrotron powder XRD, resonant ultrasound spectroscopy, and magnetization
measurements.

The cubic (P m3̄m) to tetragonal (I4/mcm) structural phase

transition in pure and doped EuTiO3 is characterized by a step-like elastic softening
in C44 , C11 , and C 0 = 21 (C11 −C12 ). Nb substitution for Ti significantly enhances TS to
higher temperatures (TS = 322 K and 353 K for EuTi0.95 Nb0.05 O3 and EuTi0.9 Nb0.1 O3 ,
respectively). In contrast, the octahedral tilting angle decreases with increasing
Nb doping, which is possibly caused by the introduction of t2g electrons on the
Ti site. In the meanwhile, the introduction of itinerant t2g electrons also switches
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the magnetic ground state of EuTiO3 from AFM to FM. Our study emphasizes the
important role of the covalency of the transition metal - oxygen bond in determining
the octahedral tilting amplitude and magnetic ground state in the present system.
Band structure calculations of EuTi1−x Nbx O3 will be useful to further examine how
the hybridization between the Eu-f , (Ti,Nb)-d and O-p orbitals changes with electron
doping concentration on the transition metal site.
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Chapter 6
Magnetoelastic coupling in
A2FeReO6 (A = Ba and Ca)
probed by elastic constants and
magnetostriction measurements
In this chapter, we discuss the magnetoelastic coupling effect in Ba2 FeReO6 and
Ca2 FeReO6 . Double perovskites A2 FeReO6 (A = Ba, Ca) have been synthesized and
studied using resonant ultrasound spectroscopy, magnetization, and magnetostriction
measurements. A large softening in C44 over a wide temperature range is observed
for Ba2 FeReO6 below its Curie temperature (TC ≈ 311 K), which is indicative of
a structural distortion. This softening is suppressed upon the application of a very
low magnetic field. For Ca2 FeReO6 , both the longitudinal and shear moduli show
a softening starting at T ≈ 160 K. In addition, magnetoelastic coupling constants
have been estimated from elastic constants and magnetostriction data, which provide
direct evidence of pronounced coupling between magnetism and the lattice degrees of
freedom present in both compounds.
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A similar version of this chapter is published as L. Li, M. R. Koehler, I. Bredeson,
J. He, D. Mandrus and V. Keppens, J. Appl. Phys. 117, 213913 (2015).

6.1

Introduction

Double perovskites A2 BB’O6 provide a wide range of new materials due to the
plethora of elemental combinations on the B and B’ sites, and exhibit versatile
physical properties, including room temperature magnetoresistance Kobayashi et al.
(1998) and magnetic frustration Aczel et al. (2013). Interest in Re-based double
perovskites (B’ = Re) stems from their high Curie temperature, high spin polarization,
and large magneto-resistance, making them attractive candidates for industrial
applications (see review article Serrate et al. (2007)). Among them, Sr2 CrReO6 is
shown to possess the highest TC ≈ 635 K Kato et al. (2002b). Ba2 FeReO6 (BFRO)
is a ferrimagnetic metal with mixed valence states of Fe2+ /Re6+ and Fe3+ /Re5+
(reference Sleight & Weiher (1972)). BFRO was believed to remain cubic F m3̄m
at all temperatures, but a detailed structural study using high-intensity synchrotron
radiation recently detected a slight lattice distortion below TC ≈ 315 K Ferreira et al.
(2006). In contrast, Ca2 FeReO6 (CFRO) is a monoclinic Mott insulator and orders
ferrimagnetically below TC ≈ 521 K Granado et al. (2002). The symmetry loss from
A= Ba to A=Ca can be understood by taking into account that a smaller cation
size favors the tilting of the Fe/ReO6 octahedra. CFRO has received extra attention
due to the following discoveries: 1) it exhibits giant anisotropic magnetostriction
effect Serrate et al. (2005), which makes it attractive in the field of spin electronics;
2) it goes through a coupled structural, magnetic, and metal-insulator transition
between 135 and 150 K Granado et al. (2002); Kato et al. (2002a); Westerburg et al.
(2002); Oikawa et al. (2003). In this Chapter, we present measurements of elastic
constants, magnetization and magnetostriction on polycrystalline BFRO and CFRO.
The results provide direct evidence for a large magnetoelastic coupling present in
both compounds.
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6.2

Experimental details

Polycrystalline samples of BFRO and CFRO have been synthesized by solid state
reaction as described in Chapter 3. Both compounds yield well-crystallized black
powders. Powder X-ray diffraction patterns were recorded using a D2 Phaser with
CuKα radiation at room temperature. Both compounds are single phase. The
samples were spark plasma sintered and cut into rectangular parallelepipeds with
dimensions of the order of a few millimeters for resonant ultrasound spectroscopy
(RUS) measurements. The RUS data reported here were carried out as a function
of temperature (50 to 380 K) and magnetic field (0 to 2 Tesla) using a custom
designed probe that was inserted in a commercial Quantum Design Versalab system.
The dc magnetic susceptibility measurements were carried out using a Quantum
Design Versalab system with a vibrating sample magnetometer (VSM) after cooling
in either zero field (ZFC) or in a measuring field (FC) of 1000 Oe. Magnetostriction
measurements as a function of field (0 to 3 T) and temperature (50 to 380 K) have
been performed using the capacitance dilatometer as described in Chapter 3.

6.3

Results and Discussion

Figure 6.1(a) presents the magnetic susceptibility of BFRO, plotted as both χ and
1/χ. This compound shows a ferrimagnetic ordering at TC ≈ 311 K, that is in good
agreement with previous work Sleight & Weiher (1972). Polycrystalline materials are
elastically isotropic and have only two independent elastic moduli: the shear modulus
C44 (or G) and the longitudinal modulus C11 (or L). They are related to the shear and
longitudinal sound waves traveling along [100] directions through v(S,L) = (

C(44,11) 1
)2 .
ρ

The shear modulus C44 vs. T and longitudinal modulus C11 vs. T are plotted in Figure
6.1(b) and (c). It should be noted that C11 for this sample is not well-defined as most
resonant frequencies depend entirely on the shear modulus. As mentioned before,
the elastic moduli of materials with no thermodynamic irregularities are known to
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Figure 6.1: Temperature dependence of (a) dc magnetization at 0.1 T, (b) shear
modulus C44 at different magnetic fields, and (c) longitudinal modulus C11 at different
magnetic fields for polycrystalline Ba2 FeReO6 . RUS measurements were performed
during cooling.
exhibit the so-called Varshni behavior Varshni (1970), with a gradual stiffening with
decreasing temperature that levels off at very low temperatures. Intriguingly, one
can see that C44 presents a pronounced softening of almost 10 % that spans a wide
temperature range below TC . Such a dramatic softening is usually associated with
structural phase transitions. While this compound was believed to remain cubic at all
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Figure 6.2: Temperature dependence of (a) dc magnetization at 0.1 T, (b)
longitudinal modulus C11 and shear modulus C44 at differnet magnetic fields for
polycrystalline Ca2 FeReO6 . RUS measurements were performed during cooling.
temperatures, a recent structural study utilizing high resolution powder diffraction
reports a subtle lattice distortion driven by the rotation of the octahedra Ferreira
et al. (2006). It is therefore tempting to link the observed softening to the structural
distortion below TC ≈ 311 K. The softening is greatly suppressed upon the application
of a magnetic field, which would indicate that the lattice distortion is weakened by the
magnetic field. However, it is noteworthy that many ferro(ferri)magnetic materials
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exhibit the so-called ∆E-effect, which manifests itself in a sudden softening of the
elastic moduli at TC , which is suppressed upon application of a magnetic field Siegel
& Quimby (1936). At this time, it is not possible to determine whether the softening
observed in BFRO is attributed to the structural distortion or the ∆E effect, and
high-intensity X-ray diffraction measurements in magnetic field might be required to
resolve this issue.

Figure 6.3: Variation of anisotropic magnetostriction λt with magnetic field H at
different temperatures for (a) Ba2 FeReO6 and (b) Ca2 FeReO6 . The insets present λt
vs. T at 3 Tesla for each compound.
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Figure 6.2 shows the temperature dependence of (a) magnetic susceptibility under
ZFC and FC conditions, and (b) C44 and C11 under different magnetic fields (0, 0.5, 1,
and 2 Tesla) for CFRO. CFRO orders ferrimagnetically at a very high temperature of
TC ≈ 521 K. Elastic softening can be observed below T ≈ 160 K, which is associated
with a simultaneous occurrence of structural, orbital and metal-insulator transitions
Granado et al. (2002); Kato et al. (2002a); Westerburg et al. (2002); Oikawa et al.
(2003). In contrast to BFRO, the magnetic behavior of CFRO is not sensitive to
magnetic fields up to 2 Tesla.

Figure 6.4: Temperature dependence of the magnetoeleastic coupling constant b for
Ba2 FeReO6 and Ca2 FeReO6 .
Magnetostriction is a property of ferromagnetic materials that causes the material
to change dimensions during magnetization. In order to estimate the interaction
between lattice and magnetic degrees of freedom, we have performed magnetostriction
measurements on RUS samples of BFRO and CFRO. Figure 6.3 presents the
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anisotropic magnetostriction λt vs. H up to 3 Tesla at different temperatures. λt is
defined as: λt = λk − λ⊥ with λk the relative change in length in the direction of the
applied field, and λ⊥ the relative change in length perpendicular to the applied field.
One can see that within our experimental range of 3 Tesla, BFRO shows a greater
magnetostriction than CFRO. Nevertheless, the saturation field of BFRO is much
lower than that of CFRO. In fact, giant magnetostriction measurements performed
under magnetic fields up to 20 T have shown that λt saturates at H ≈ 15 T and
reaches a maximum value of ≈ 600 ppm for CFRO Serrate et al. (2005). Our results
show that λt of BFRO reaches ≈ 520 ppm and one can conclude that the magnitude
of magnetostriction is comparable for BFRO and CFRO, which is not surprising since
both compounds possess significant spin-orbital coupling arising from the Re 5d t2g
electrons. The insets show the temperature dependence of λt at 3 T for BFRO and
CFRO respectively. While the absolute value of λt for BFRO increases continuously
with dropping temperature, that of CFRO shows a dramatic rise near TS that is
possibly associated with the change of electronic structure.
Given the polycrystalline elastic moduli and magnetostriction data, the magnetoelastic coupling constant b can be determined assuming the magnetization is saturated:
b=

∆l
1
(2 ∗ C44 )(α2 − )−1
l
3

(6.1)

Here, b is the magnetoelastic coupling constant and α is the cosine of the angle
between the magnetization and measuring direction, which is equal to 1 since we
assumed that the magnetization is saturated (note that this estimate will yield an
under-estimated value for b as saturation is clearly not reached in CFRO). Using the
∆l
l

values at 3 Tesla, the calculated values of b are presented in Figure 6.4. The

magnitude of b for BFRO and CFRO are similar. Similar to λt , it is clearly shown
that b of CFRO presents a step-like drop near TS , which is likely correlated with
simultaneous metal-insulator, magnetic and structural transitions.
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6.4

Summary

In this Chapter, we synthesized and investigated the magnetoelastic coupling in
polycrystalline Ba2 FeReO6 and Ca2 FeReO6 with combined measurements of elastic
constants, magnetization and magnetostriction. A large softening in C44 over a wide
temperature range is observed for Ba2 FeReO6 below TC ≈ 311 K, which is partially
suppressed upon application of a magnetic field. This softening is associated with a
coupled structural and ferrimagnetic transition. For Ca2 FeReO6 , the elastic softening
spans a narrower temperature range, and is not sensitive to magnetic fields up to 2
Tesla. This softening is related to a metal - insulator transition accompanied by an
octahedral distortion, which also promotes the occurrence of orbital ordering of the Re
5d t2g electrons. Significant magnetostriction has been observed in both compounds.
Our results provide direct evidence of correlated interactions between spin, lattice
and orbital degrees of freedom in these two compounds.
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Chapter 7
Concluding remarks
Multiferroics with strong coupling between magnetic, electrical and orbital degrees
of freedom are rare. An understanding of the interplay between these degrees of
freedom will allow for the realization of controlling electrical polarization through
magnetization or vice versa and therefore greatly advance the field of spintronic
devices.
Bulk EuTiO3 is a quantum paraelectric antiferromagnet with a strong magnetoelectric coupling as revealed in a pronounced decrease of the dielectric constant
at TN ≈ 5.6 K Katsufuji & Takagi (2001).

The observation of simultaneous

ferroelectric and ferromagnetic ordering in strained EuTiO3 further confirms the
multiferroic potential of this material Lee et al. (2010). Very recently, a structural
phase transition (SPT) was observed in EuTiO3 at T ≈ 282 K in heat capacity
experiment Bussmann-Holder et al. (2011), generating some controversies regarding
TS and the existence of incommensurate structure below TS . Motivated by these
results, we have initiated a study of the elastic, structural, magnetic, and transport
properties of EuTiO3 single crystals as well as mixed crystals of EuTi1−x Bx O3 (B =
Zr, Nb). The antiferrodistortive SPT in EuTiO3 is confirmed in resonant ultrasound
spectroscoy measurement and is characterized by a step-like elastic softening in a
narrow temperature interval in the vicinity of TS ≈ 288 K. Our RUS results suggests
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that Nb doping enhances TS to higher temperatures, while the octahedral tilting is
weakened, as evidenced by synchrotron XRD. Magnetic measurements confirm that
Nb doping destabilizes the antiferromagnetic ground state of the parent compound
and long range ferromagnetic order is observed in the samples containing more
than 5 % Nb, which is most likely accounted for in terms of the ferromagnetic
interaction between localized Eu 4f spins mediated by itinerant electrons introduced
by Nb doping. However, Nb doping converts the system to metallic due to the d1
configuration of Nb4+ .
Divalent Eu compounds are being studied extensively, but present an additional
challenge due to the difficulty in maintaining the right valence state.

While

EuO exhibit FM ordering, EuTiO3 , on the other hand, presents a G-type AFM
ordering. The complex magnetic interactions in divalent Eu compounds deserve
further investigation. Note that EuGeO3 and EuSiO3 has been predicted to exhibit
ferromagnetic ordering Akamatsu et al. (2011) due to the positive value of J1
for nearest neighbor interactions.

The Ruddlesden-Popper phase Eu2 TiO4 with

alternating EuO and EuTiO3 layers also exhibits a ferromagnetic ground state below
TC ≈ 7.8 K Chien et al. (1974); Greedan & McCarthy (1972). Those are attractive
candidates in the search for materials with large magnetoelectric coupling and/or
multiferroic materials.
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